Abstract Schizophrenia (SZ) is a major chronic neuropsychiatric disorder characterized by a hyperdopaminergic state. The hypoadenosinergic hypothesis proposes that reduced extracellular adenosine levels contribute to dopamine D 2 receptor hyperactivity. ATP, through the action of ecto-nucleotidases, constitutes a main source of extracellular adenosine. In the present study, we examined the activity of ecto-nucleotidases (NTPDases, ecto-5′-nucleotidase, and alkaline phosphatase) in the postmortem putamen of SZ patients (n=13) compared with aged-matched controls (n=10). We firstly demonstrated, by means of artificial postmortem delay experiments, that ectonucleotidase activity in human brains was stable up to 24 h, indicating the reliability of this tissue for these enzyme determinations. Remarkably, NTPDase-attributable activity (both ATPase and ADPase) was found to be reduced in SZ patients, while ecto-5′-nucleotidase and alkaline phosphatase activity remained unchanged. In the present study, we also describe the localization of these ecto-enzymes in human putamen control samples, showing differential expression in blood vessels, neurons, and glial cells. In conclusion, reduced striatal NTPDase activity may contribute to the pathophysiology of SZ, and it represents a potential mechanism of adenosine signalling impairment in this illness.
Introduction
Schizophrenia (SZ) is a mental disorder with a global prevalence of 1 %. It is characterized by positive, negative, and cognitive symptoms. Its origin is unknown, although positive symptoms are related to hyperdopaminergic activity of the dopamine D 2 receptor (D 2 R) [1] . Negative and cognitive symptoms are attributed to reduced glutamatergic activity via N-methyl-D-aspartate receptor (NMDAR), which in turn potentiates dopamine release. Indeed, the activation of D 2 Rs with amphetamines, as well as the use of NMDAR blockers, promotes pschycotic-like behavior in healthy people [2, 3] . Therefore, the normalization of the dopaminergic and glutamatergic systems is a pharmacological goal for the outcome of this neurological disorder. Regarding this, adenosine modulates dopaminergic and glutamatergic signalling pathways and is, therefore, a candidate target in the treatment of SZ [4] .
Adenosine is a nucleoside widely distributed in the organism with neuromodulative and neuroprotective activity in the central nervous system. It presents four specific Gprotein-coupled receptors (A 1 , A 2A , A 2B , and A 3 ) [5] . A 1 Rs and A 2A R are the most expressed receptors in the brain. The modulation of A 1 Rs inhibits presynaptic glutamate release, while postsynaptic A 2A R activation can promote dopamine D 2 receptor signalling inhibition through the heterodimer A 2A R-D 2 R formation [6, 7] . Interestingly, a hypoadenosinergic state has been proposed in SZ [8] . Therefore it is conceivable that the mechanisms regulating extracellular adenosine levels are impaired. In line with this, increased serum adenosine deaminase (ADA) activity, which converts extracellular adenosine into inosine, as well as low frequency of the low activity ADA allelic variant, has been reported in SZ patients [9, 10] . Moreover, transgenic mice overexpressing adenosine kinase, a cytosolic ribokinase that phosphorylates the re-uptaken adenosine into 5′-adenosine monophosphate (AMP), show attention impairments linked to SZ, while adenosine augmentation exerts antipsychotic-like activity in mice [11] . In fact, several clinical trials have shown the beneficial effects of drugs that modulate adenosine signalling such as allopurinol and dipyridamole, which increase extracellular adenosine levels by inhibiting its degradation and reuptake, respectively [12] [13] [14] [15] [16] [17] . Interestingly, caffeine (a non-selective adenosine receptor antagonist) consumption exacerbates psychotic symptoms in SZ patients [18] . All these data support the "adenosine hypothesis" in SZ, and it has been proposed the use of A 2A R agonists in combination with antipsychotics, in order to potentiate their inhibitory role over D 2 Rs [19] .
Although adenosine can be directly released via specialized nucleoside transporters [20] , the main source of extracellular adenosine is the hydrolysis of 5′-adenosine triphosphate (ATP) through ecto-nucleotidases [21] . This includes different families of nucleotide-hydrolyzing enzymes expressed at the cell surface that, alone or acting sequentially, generate adenosine from adenine nucleotides (i.e., ATP, ADP, or AMP): (a) the ecto-nucleoside triphosphate diphosphohydrolase (E-NTPDase) family includes four plasma membrane-bound members: NTPDase1 (CD39), NTPDase2, NTPDase3, and NTPDase8; these enzymes are differentially expressed and hydrolyze nucleoside triphosphates and diphosphates to their monophosphate derivatives; (b) the ectonucleotide pyrophosphatase/phosphodiesterase (E-NPP) family has three members (NPP1-3) capable of hydrolyzing nucleoside triphosphates to monophosphates and PPi, such as ATP to AMP and PPi; (c) the 5′-nucleotidase family has several intracellular members but only one member is attached to the plasma membrane with an extracellularly located active site, the ecto-5′-nucleotidase (CD73), a glycosyl phosphatidylinositol-linked membrane-bound glycoprotein that efficiently hydrolyzes AMP to adenosine; and (d) the alkaline phosphatase (AP) family includes ubiquitous enzymes, such as the tissue nonspecific AP (TNAP), with broad substrate specificity, including adenine nucleotides and pyrophosphate, releasing inorganic phosphate. The distribution of ecto-nucleotidases in brain has been studied in rodents [22] , but little is known of their distribution in humans. The main goal of this study was to characterize ecto-nucleotidase activity in brains of SZ patients and controls, in order to determine whether these enzymes may also be considered as potential contributors to the hypoadenosinergia reported in SZ.
Materials and methods

Human brain samples
The putamen samples from SZ patients used in this study were provided by the Sant Joan de Déu Brain Bank (Sant Boi de Llobregat, Barcelona, Spain), and the control samples were obtained from the Brain Bank of the Institute of Neuropathology (HUB-ICO-IDIBELL Brain Bank, L'Hospitalet de Llobregat, Barcelona, Spain). The donation and obtaining of samples were regulated by the ethics committee of both institutions. The sample processing followed the rules of the European Consortium of Nervous Tissues: BrainNet Europe II (BNEII). All the samples were protected in terms of individual donor identification following the BNEII laws. Clinical diagnosis of SZ in donor subjects was confirmed premortem with DMS-IV (Diagnostic and Statistical Manual of Mental Disorders-4th edition) and ICD-10 (International Statistical Classification of Diseases and Related Health Problems) criteria by clinical examiners. Most donors were hospitalized for more than 40 years and were re-evaluated every 2 years to monitor and update their clinical progression. Anatomic pathology exploration of all SZ samples was performed at the Hospital of Bellvitge to identify the degree of certain histopathological alterations, as described ( Table 1 ). The neuropathological diagnoses were made according to well-established criteria for Alzheimer's disease (AD) [23] . None of the SZ cases showed sustantia nigra neurodegeneration.
The left cerebral and cerebellar hemispheres and alternate sections of the brain stem were fixed in 4 % buffered formalin for 3 weeks. Selected samples were embedded in paraffin and processed for neuropathological study. The other half of the cerebrum and cerebellum was cut on coronal slices and, together with remaining alternate sections of the brain stem, was immediately frozen and stored at −80°C. For histological studies, brain samples were fixed with 4 % buffered formalin, cryopreserved with 30 % sucrose, and stored at −80°C.
Immunohistochemistry experiments
Immunohistochemistry experiments were performed as described previously [24] except for the use of 30-μm-thick free-floating slices. Slices were incubated overnight at 4°C with the following anti-human-monoclonal antibodies: CD39 (1:500; Ancell, Minnesota, USA), hN3-B3 S for NTPDase3 (1:500; http://ectonucleotidases-ab.com/) and CD73 (1:50; Hycult biotechnology, Uden, The Netherlands). Tissue sections were then incubated with horseradish peroxidase-conjugated goat anti-mouse (EnVisionTM + system, DAKO, Carpinteria, CA, USA) as secondary antibody for 1 h at RT. Secondary antibody alone was routinely included as control for the immunohistochemistry experiments. Samples were counterstained with hematoxylin and mounted with Fluoromount aqueous mounting medium (Sigma-Aldrich). Samples were observed and photographed under a light Leica DMD 108 microscope.
In situ activity experiments
Histochemical localization of ATPase, ADPase, and AMPase activity was carried out using the Wachstein/Meisel lead phosphate method [24] [25] [26] in cryostat-obtained (30-μm thick) free-floating slices. Enzymatic reaction was measured [27] . For ecto-5′-nucleotidase inhibition experiments, AMPase reactions were performed in the presence of 1 mM α,β-methylene-ADP (α,β-meADP). The substrates were omitted in control experiments. The reactions were revealed by incubation with 1 % (NH 4 ) 2 S v/v for exactly 1 min. Samples were mounted, observed, and photographed as described above.
In situ alkaline phosphatase activity experiments
The histochemical localization of AP was addressed by using the method of Gossrau with some modifications [24, 28] . Briefly, cryostat-obtained (30-μm thick) free-floating slices were washed twice in 0.1 M Tris-HCl buffer pH 7.4, containing 5 mM MgCl 2 , and then pre-incubated with the same buffer at pH 9.4 for 15 min at RT. Enzymatic reaction was started by adding 200 μl of revealing reagent BCIP®/NBT liquid substrate system (Sigma-Aldrich) for 7 min at RT, and stopped with 0.1 M Tris-HCl buffer, pH 7.4. For AP inhibition experiments, 5 mM levamisole was added to both preincubation and enzymatic reaction buffers. In control experiments, the revealing reagent BCIP was omitted. Samples were mounted, observed, and photographed as described above.
Artificial postmortem delay
For this experiment, all the samples were obtained between 3.45 and 4.55 h after death (considered time 0 for the present purpose) and the brains were processed as previously indicated, except for a fresh fragment of the frontal cortex (area 8 of Brodmann) that was cut into small pieces, one of them immediately frozen (time 0) and the rest maintained at room temperature (20°C) for 3, 6, 12, 24, and 48 h, and then frozen and stored at −80°C. The cases analyzed are listed in Table 2 .
Plasma membranes isolation Human brain putamen samples (50-100 mg) were used to isolate plasma membranes, as previously described [29] .
NTPDase and ecto-5′-nucleotidase activity assays NTPDase (ATPase, ADPase) and ecto-5′-nucleotidase (AMPase) activity was determined by measuring the amount of liberated inorganic phosphate (Pi) using a colorimetric assay. The incubation mixture contained 160 mM (Tris)-HCl (pH 7.5), 10 mM CaCl 2 , 5 mM levamisole, as alkaline phosphatase inhibitor, and 1 mM ATP, ADP, or AMP as substrates in a final volume of 150 μl. The assay was initiated by adding the membrane-enriched samples (1 μg for ATPase and ADPase assay and 10 μg for AMPase assay).
After an incubation of 20 min at 37°C, the reaction was stopped by the addition of 22.5 μl of 34 % trichloroacetic acid (TCA). Incubation times and protein concentrations were chosen to ensure the linearity of the enzymatic reaction. The release of inorganic Pi was measured with the malachite green method [30] . KH 2 PO 4 was used as a Pi standard. Controls to determine nonenzymatic Pi accumulation were performed by incubating either the membrane-enriched samples in the absence of the substrate, or the substrate alone. All samples were analyzed in triplicate. Enzyme activity was expressed as OD arbitrary units at 620 nm.
Alkaline phosphatase (AP) activity assay AP activity in membrane-enriched samples was determined as described previously [31] . Briefly, 20 μg of sample was assayed at room temperature in the following reaction mixture: 0.2 M diethanolamine buffer pH 9.8, (Sigma-Aldrich, St Louis, Missouri, USA), 1 mM MgCl 2 , and 5 mM pnitrophenyl phosphate disodium salt hexahydrate as substrate (pNPP) (Sigma-Aldrich) in the presence or absence of 5 mM levamisole. Reactions were stopped after 30 min with 0.1 M NaOH. AP activity was determined as the liberated p-nitrophenol and was measured at 405 nm. Controls in the presence of levamisole and in the absence of the substrate were performed. All samples were assayed in triplicate.
Statistical analysis
Data are represented as mean ± standard deviation, and the number of experiments and samples are indicated for each experiment. Statistical analysis was performed using Student's t test to compare group means since data fit to a normal distribution, with a p value <0.05. Results
Localization of ecto-nucleotidase activity in control human brain samples
In situ histochemistry experiments in brain control samples revealed substantial ATPase and ADPase catalytic activity (Fig. 1a, c) . ADPase activity was clearly localized to endothelial cells and microglia, largely coinciding with the NTPDase1 (CD39) distribution detected by immunohistochemistry (Fig. 1d) . ATPase activity coincided with ADPase localization and was also present in the gray matter of striatum, matching with the anti-NTPDase3 staining (Fig. 1b) . ATPase and ADPase activity was inhibited by suramin ( Fig. 1c) and NF279 (not shown), suggesting that the in situ activity detected was due to the action of NTPDases.
AMPase activity was present in the brain (Fig. 1e) . The activity pattern obtained was, however, diffuse, and the precise localization of the ecto-enzyme was difficult to Fig. 1 In situ enzyme activity (a, c, e, g, h) and immunolabeling (b, d, f) of ecto-nucleotidases in the putamen control samples. Activity shown is: ATPase (a), ADPase (c), AMPase (e), and alkaline phosphatase (g, h in the presence of the inhibitor levamisole). Inset in c shows the ADPase activity in the presence of the inhibitor suramin, and inset in e the AMPase activity in the presence of the inhibitor αβMeADP. Immunolabeling was performed for NTPDase3 (b), NTPDase1/CD39 (d), and ecto-5′-nucleotidase/CD73 (f). IC internal capsule, STR striatum. Arrows point to blood vessels, and black arrowheads to glial cells. Scale bars=100 μm in a, b, e, f, g, h, and insets, and 50 μm in c and d establish. The activity was attributable to ecto-5′-nucleotidase (CD73) since the specific inhibitor α,β-meADP abrogated the signal. Using an anti-CD73 antibody, the enzyme was localized to glial cells and also to neuropil (Fig. 1f) .
Alkaline phosphatase activity was intense in blood vessels (Fig. 1g) . The activity was abrogated in the presence of the alkaline phosphatase inhibitor levamisole, confirming the specificity of the activity detected (Fig. 1h) .
Ecto-nucleotidase activity in human brain along an artificial postmortem delay experiment In order to characterize the behavior of ecto-nucleotidase activity in human postmortem brain homogenates, a progressive artificial postmortem delay was performed, since it is well known that some enzymatic activity is more vulnerable to postmortem delay than other. Our results, compiled in Fig. 2 , showed that NTPDase activity (ADPase and ATPase) was very stable throughout the postmortem delay, and that ecto-5′-nucleotidase activity (AMPase) was more variable from the time point of 12 h with a tendency to decrease. AP activity was invariable until the time point of 12 h and then started to decrease and displayed more heterogeneity between samples.
Ecto-nucleotidase activity in human brains from SZ patients Ecto-nucleotidase activity in putamen homogenates of SZ patients was compared with age-matched controls (Table 1 ). All SZ samples were from patients suffering this neurological disorder, although postmortem analysis also revealed the presence of several hallmarks (β-amyloid plaques and neurofibrillary tangles) typical of Alzheimer's disease (AD) at different Braak and Braak stages. For this reason, the control group used was from human cases with AD I-IV stages of Braak and Braak. However, as the activity of the four ectonucleotidases measured showed no significant differences among control samples (samples 1-10, Table 1 ; data not shown), we carried out the analysis comparing SZ cases (samples 11-23, Table 1 ) with respect to all control samples. Results obtained are shown in Fig. 3 . A significant decrease in ATP and ADP hydrolysis (15 % and 12 %, respectively) was recorded in SZ samples (p=0.012 and p<0.001, respectively). No significant differences were found for ecto-5′-nucleotidase activity or alkaline phosphatase.
Discussion
Several lines of evidence indicate that hypofunction of adenosine signalling, linked to dopaminergic impairment, may contribute to the pathophysiology of SZ. It has recently been reported in mice that augmentation of adenosine ameliorates psychotic and cognitive symptoms linked to SZ [11] . In consequence, a detailed understanding of metabolic pathways involved in the control of extracellular adenosine levels in brain is needed to promote future therapies. The ATP released from brain cells is the main source of extracellular adenosine through the action of sequentially acting ectonucleotidases. The focus of our study was to determine ecto-nucleotidase activity in human brain samples of patients with SZ compared with age-matched controls.
Here we studied the expression of three different families of ecto-nucleotidases in the postmortem putamen of human control brains. We analyzed this cerebral region as some evidence points to the existence of striatal hyperdopaminergic activity secondary to hypofunction of the prefrontal dopamine system [32, 33] , whereas D 2 R and A 2A R are expressed mainly in medium-sized GABAergic spiny neurons [6] . Interestingly, a recent study showed that, in rodent, ecto-5′-nucleotidase is specifically expressed in this neuronal population, being responsible for most of the extracellular adenosine produced in the striatum [34] . Although the distribution of ecto-nucleotidases in the rodent brain has been deeply examined [22] , little information was available on humans.
ATPase and ADPase activity was identified in striatal samples. The activity was attributable to NTPDases since they were abolished by the use of inhibitors. NTPDase1 (CD39) was immunodetected in microglia and blood vessels, coinciding with the localization of ATPase and ADPase activity and in agreement with the previous characterization of this enzyme in mice [35] . Another member of the NTPDase family, NTPDase3, was detected in striatal gray matter, where ATPase activity was also localized. Less ADPase activity was detected in this structure, reinforcing the idea that the above-mentioned ATPase activity in gray matter is attributable to NTPDase3, with a hydrolysis ratio of ATP:ADP of 5:1. The presence of NTPDase3 was already confirmed in rat brain by western blot [36] . In the present study we did not look at the other two membrane-associated members of the NTPDase family, NTPDase2, and NTPDase8. It is known that in rodents, NTPDase2 is expressed in neural stem cells in the subventricular zone of the lateral ventricles [37] , and no ntpdase8 mRNA could be detected by PCR in mouse brain [38] .
Ecto-5′-nucleotidase (CD73) was expressed and notably active in the putamen samples studied. Although the activity pattern was diffuse and difficult to assign to a particular structure, as already reported in other mammalian brains [22] , the specificity of the reaction was proven by the use of α,β-meADP.
As expected, alkaline phosphatase activity was detected in blood vessels. This activity was intense and completely abrogated with the AP inhibitor levamisole. Previous reports have demonstrated that AP activity in human brain is attributable to TNAP expression [39, 40] .
In summary, our results indicate that NTPDases and ecto-5′-nucleotidase are, in physiological extracellular pH, the dominant ecto-nucleotidases, as already reported in brains of other mammals [22] . These results support the role of both neurons and glial cells in the extracellular adenosine metabolism in brain.
The human postmortem brain is a very useful tissue to unravel the molecular pathways that play a role in human neurological diseases [41] . However, special care must be taken as there are several technical limitations for molecular studies, such as time after death and storage temperature [42] . For these reasons, we aimed to assess the effect of postmortem delay on ecto-nucleotidase activity. We demonstrated that ATPase and ADPase activity is stable throughout the artificial postmortem delay (i.e. for 48 h). A similar result was found for AMPase (CD73) activity, although in this case there is more variability at longer times and we suggest not exceeding 24 h postmortem in performing experiments involving this enzyme. In the case of AP activity, fluctuations were recorded after 12 h postmortem, pointing up the importance of studying samples obtained before this time after death. SZ and control samples used in this study were taken between 2 and 11.5 h after death (most of them before 8 h), at which time point activity was well preserved. In fact, these findings are not exclusive to ecto-nucleotidases, as the preservation of other enzymatic activity has been reported in this type of tissue [43] [44] [45] [46] [47] . The data presented here are of relevance for this and future study of ecto-nucleotidases in human brains.
In the present report, most of the samples, both SZ and control cases, showed an AD-related pathology, which was asymptomatic. This postmortem finding is consistent with previously reported postmortem analyses showing that 70-80 % of individuals over 65 years of age present AD-related pathology at the neuropathological level, but most of them have not developed AD [48] . Therefore, we performed a comparative study at the neuropathological level, but the final results may be considered as control vs SZ patients from a clinical point of view.
Although ecto-nucleotidases, and TNAP in particular, have been studied in Alzheimer disease [31, 49] , no data were available on human ecto-nucleotidase expression in mental disorders such as SZ. By analyzing brain membranes, we have shown that NTPDase activity (both ATPase and ADPase) is significantly reduced in the putamen of SZ patients when compared with control samples. Although no significant changes were detected for either ecto-5′-nucleotidase or AP activity, a decrease in their available substrate, AMP, might contribute to the hypothesized adenosine reduction in SZ brains. Involvement of ecto-5′-nucleotidase activity in the adenosine levels of striatum has already been described in rats [50] .
It is important to note the conditions of the tissues presented in this study. SZ patients underwent long-term drug treatment. Seibt et al. [51] have studied the effect of the antipsychotic drugs haloperidol, olanzapine and sulpiride, prescribed for SZ, on the nucleotide hydrolysis in brain membranes of zebrafish. They found decreased ADPase activity in the presence of haloperidol and sulpiride but only at the highest concentration tested (250 μM). No changes in ADPase activity were reported for olanzapine. Although we cannot rule out a putative effect of sustained drug treatment on enzyme activity in the cohort studied (except for patient #15, see Table 1 ), the effective drug concentration in the study of Seibt et al. exceeded the concentration of the drug in the blood of our SZ patients by over 3 log of magnitude. Considering the advisability of drug prescription in most of the diagnosed SZ patients, performing the present study in drug-naive patients would hardly be feasible. Another aspect to be considered is that all patients included in the present study were male since the postmortem brain collection of the Brain Bank belongs to a hospital formerly devoted to the care of male mental patients. Therefore, the study of a larger cohort should be considered.
In summary, in the present report we describe: (a) the distribution of ecto-nucleotidases in the putamen of human brains, (b) the preservation of the activity of four ectonucleotidases in human postmortem brains, and (c) the reduction in ecto-nucleotidase activity in the putamen of SZ patients. These findings reinforce the "adenosine hypothesis" in SZ and point to the modulation of ecto-nucleotidases as new potential targets in the treatment of this neurological disorder.
